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Abstract: Alzheimer’s disease (AD) is the most common neurodegenerative disorder that affects the elderly. The increase of life-
expectancy is transforming AD into a major health-care problem. AD is characterized by a progressive impairment of memory and other 

cognitive skills leading to dementia. The major pathogenic factor associated to AD seems to be amyloid-beta peptide (A ) oligomers that 
tend to accumulate extracellularly as amyloid deposits and are associated with reactive microglia and astrocytes as well as with 

degeneration of neuronal processes. The involvement of microglia and astrocytes in the onset and progress of neurodegenerative process 
in AD is becoming increasingly recognized, albeit it is commonly accepted that neuroinflammation and oxidative stress can have both 

detrimental and beneficial influences on the neural tissue. However, little is known about the interplay of microglia, astrocytes and neu-
rons in response to A , especially in the early phases of AD. This review discusses current knowledge about the involvement of neuroin-

flammation in AD pathogenesis, focusing on phenotypic and functional responses of microglia, astrocytes and neurons in this process. 
The abnormal production by glia cells of pro-inflammatory cytokines, chemokines and the complement system, as well as reactive oxy-

gen and nitrogen species, can disrupt nerve terminals activity causing dysfunction and loss of synapses, which correlates with memory 
decline; these are phenomena preceding the neuronal death associated with late stages of AD. Thus, therapeutic strategies directed at con-

trolling the activation of microglia and astrocytes and the excessive production of pro-inflammatory and pro-oxidant factors may be valu-
able to control neurodegeneration in dementia.  
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1. ALZHEIMER’S DISEASE OVERVIEW 

 Alzheimer’s disease (AD), which was first described by Alois 
Alzheimer in 1907, is currently the main cause of dementia in the 
elderly and is characterized by a progressive impairment of memory 
and other cognitive functions [1,2]. This pathology usually starts 
with mild cognitive impairment (MCI), mainly affecting long-term 
memory, and gradually progresses to severe dementia [3,4]. Al-
though few cases of this disorder (about 2% of total cases), de-
signed as familial AD, are inherited in an autosomal dominant 
fashion with the symptoms appearing earlier than the sixth decade, 
most of AD cases are sporadic, of unknown origin, probably result-
ing from the synergistic action of genetic and environmental factors 
[5,6]. Advanced age is a major risk factor for developing AD, as its 
incidence is around 1-2% in people with 60-64 years old, rising to 
about 30% in those aged 85 years old and older [7]. Since life ex-
pectancy has a tendency to increase in industrialized countries, it is 
predicted that the incidence of AD will augment three fold over the 
next 50 years [3,8]. The currently accepted definite diagnosis of this 
disease can only be made by a pathological examination of post-
mortem brain; the neuropathological hallmarks of AD include: i) 
extracellular deposits of amyloid-  peptide (A ) in the form of 
diffuse plaques and neuritic plaques and ii) intracellular neurofibril-
lary tangles (NFTs), mainly composed of aggregated hyperphos-
phorylated tau protein [2,7]. These histopathological lesions are 
present in selective brain regions, particularly in the hippocampus 
and cortex, which are involved in memory, learning, language and 
other cognitive skills [9,10]. Accordingly, these brain regions are 
reduced in size in AD patients as a result of degeneration of syn-
apses and neuronal death [7,11]. The pathogenesis of AD is com-
plex and is likely to involve several cellular and molecular mecha-
nisms [3,7]; however, a leading candidate to trigger AD is A , 
which derives from the pathological processing of the amyloid 
precursor protein (APP) at the -secretase (BACE 1) and -
secretase sites to produce A  fragments of 40 or 42 amino acids 
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 [11,12]. Evidence supporting the participation of A  in AD patho-
genesis is based on genetic study of familial AD patients reporting 
that mutations in the genes encoding APP and presenilin-1 or -2 
(components of -secretase complex) lead to increased accumula-
tion of A  in the brain [5,13]. The A  primacy in AD has been 
emphasised in the amyloid cascade hypothesis, as well as the most 
recent and modified “A -cascade hypothesis” which postulates that 
the accumulation of A  (resulting from overproduction, altered 
processing or failure of clearance mechanisms of this peptide) is an 
initiating molecular event that triggers neurodegeneration both in 
sporadic and familial AD. In accordance with the A  cascade hy-
pothesis, the soluble A  oligomers (particularly 12-mers), rather 
than the fibrillar forms, are responsible for the synaptic dysfunction 
and loss that underlie early memory impairment in AD [7,11]. This 
hypothesis also considers that intracellular A  accumulation might 
be an early event in AD pathogenesis, and it is likely that the amy-
loid plaques might result from the lysis of A -burdened neurons 
[12]. A  oligomers build up into proto-fibrils and fibrils, giving rise 
to diffuse plaques that may evolve to neuritic plaques, also named 
senile plaques, which often have a dense amyloid core and are 
associated with clusters of activated glia cells (microglia and astro-
cytes) and dystrophic neuronal processes [2,14]. These plaques also 
include other proteins, such as acute-phase inflammation proteins, 
pro-inflammatory cytokines, proteoglycans, complement factors 
and apolipoprotein E, which are collectively referred as amyloid 
associated factors [15].  

 It is widely believed that AD preferentially affects neurons, 
mainly disrupting synapses, whereas astrocytes and microglia re-
main viable but acquire a reactive morphology and mediate in-
flammatory-like responses, which prompt the view of AD mostly as 
a synaptic failure [2]. Indeed, the severity of dementia (cognitive 
decline) has been shown to correlate mainly with synapse dysfunc-
tion and loss rather than with neuronal death [2,3]. Moreover, syn-
aptic alterations can be triggered by nonfibrillar A  oligomers, 
which manifest prior to the formation of extracellular deposits of 
A  fibrils [16,17], and are a hallmark of MCI and early AD [9]. 
Furthermore, synaptic dysfunction and loss is recurrently found as 
an early feature in different animal models of AD [18-20]. Several 
studies have shown that soluble A  oligomers inhibit hippocampal 
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long-term potentiation (LTP- a fundamental mechanism for learn-
ing and memory) in brain slices and in vivo animal models [21,22], 
and cause memory deficits [20,23]. Although the events leading to 
AD onset remain elusive, the progression of disease pathology has 
been thoroughly examined and several mechanisms of A  neuro-
toxicity have been identified, such as calcium (Ca

2+
) homeostasis 

deregulation [11,20], oxidative stress, mitochondria dysfunction 
[24-26] and induction of inflammatory-like responses [14,15,27], 
which likely act in tandem and/or in combination. Therefore, poten-
tial new therapeutic agents should have multiple targets of action to 
affect a sufficient number of these processes to actually impact on 
AD-like dementia. 

2. NEUROINFLAMMATION: A KEY PROCESS IN AD 

 Inflammatory-like responses in the Central Nervous System 
(CNS), usually referred as neuroinflammation, have been a matter 
of particular interest in the last two decades. Neuroinflammation is 
related to neuronal injury and death caused by an inflammatory 
process, which usually differ from peripheral inflammation due to 
lack of the classic signals of peripheral inflammation (rubor, tumor, 
calor and dolor). Until recently, the CNS was considered to be an 
“immune-privileged” organ endowed with a small number of resi-
dent immune cells (microglia) and an effective blood-brain barrier 
(BBB, a specialized barrier between blood and brain mainly com-
posed by endothelial cells, astrocytic end-feet and pericytes) that 
was thought to act as an impermeable barrier to immune cells and 
most diffusible factors produced in the periphery [28,29]. However, 
the dogma that CNS is immune-privileged began to be questioned 
with the observations that some immune cells and proteins are 
commonly present and active in healthy brains [30,31]. It is now 
accepted that the BBB is not an impermeable static barrier in physi-
ologic conditions and that its permeability can be changed by sub-
clinical infection, trauma, stress and medications, and is likely to be 
altered in aging and neurodegenerative diseases [32,33]. Currently, 
it is becoming evident that molecules of the systemic innate im-
mune system are able to stimulate microglia and astrocytes, as well 
as to directly affect neurons [15,34]; however, the extent of this 
influence is poorly defined. 

 In general, an acute neuroinflammatory response is beneficial to 
the CNS, since it contributes to repair the damaged tissue and to 
minimize further injury; in contrast, chronic neuroinflammation is 
an often self-perpetuating response that persists long after an initial 
toxic insult and can trigger abnormal brain functions [14,35]. The 
sustained release of inflammatory factors might perpetuate the 
neuroinflammatory process activating additional glia cells, mainly 
microglia, which causes further release of pro-inflammatory and 
neurotoxic factors, contributing to neuronal dysfunction and conse-
quently to pathology [36]. Moreover, during chronic neuroinflam-
mation, the BBB is often compromised [37,38], which facilitates 
the infiltration of peripheral macrophages into the brain to further 
keep up the inflammatory process. Thus, whether neuroinflamma-
tion has a beneficial or harmful outcome upon a particular brain 
injury depends on the duration of the inflammatory response 
[39,40]. The neuroinflammatory process involves not only infiltrat-
ing peripheral immune cells and microglia (primary immune cells), 
but also astrocytes and neurons (see below). In response to injury or 
disease, all these cells can produce/release inflammatory mediators, 
including: i) cytokines, mainly tumour necrosis factor-  (TNF- ), 
interleukin (IL)-1  and IL-6, ii) prostaglandins, iii) reactive oxygen 
and nitrogen species and iv) complement proteins. These pro-
inflammatory and neurotoxic factors, acting both in an autocrine or 
paracrine fashion, might in turn induce the expression of other 
cytokines (mainly with an anti-inflammatory role), as well as 
chemokines [e.g. macrophage inflammatory protein (MIP-1 ), 
monocyte chemoattractant protein-1 (MCP-1) and interferon-  
inducible protein-10] and adhesion molecules causing further glial 
activation [14,41,42]. TNF  is a crucial mediator of tissue inflam-
mation that can cause deleterious and protective actions in neurons; 

these opposing effects are due to the existence of two distinct TNF-
signalling pathways mediated by two receptors, p55 and p75 [43]. 
IL-1, which can exist in the two forms IL-1  and IL-1 , is thought 
to be neurotoxic, although the mechanism(s) involved in its action 
remains unclear [39]. This cytokine initiates signal transduction 
pathways predominantly through the IL-1 type I receptor, and this 
pathway is controlled by a specific endogenous receptor antagonist 
IL-1ra. Indeed, in the same cell, a cytokine can exert contrary ef-
fects, inducing cell death, survival, or proliferation depending upon 
the functional context in which it acts [39]. Usually to counteract 
pro-inflammatory signalling pathways, cells utilize multiple mecha-
nisms including the synchronised production of anti-inflammatory 
factors such as IL-10, IL-4, soluble TNF receptors, IL-1 receptor 
antagonist, and transforming growth factor-  [39,44]. Increasing 
evidence supports that CNS inflammatory responses might be 
regulated through signalling pathways triggered by the interaction 
of CD200 (a broadly distributed cell surface glycoprotein) with its 
receptor, CD2000R, that is present in microglia [27, 45]. 

 Another mechanism involved in neuroinflammation is the 
complement system involving more than 40 proteins, mainly the 
complement component 3 (C3), C5, C1q and the membrane attach 
complex that binds to membrane and facilitates cell lysis [46]. 
These proteins can be synthesized by neurons, astrocytes and mi-
croglia and their activation in cascade results in cell membrane 
disruption or in chemoattraction of phagocytic cells, such as micro-
glia [46,47]. The complement activation facilitates the opsonization 
and phagocytosis of pathogens (e.g. dying cells and A ), promotes 
the formation of reactive oxygen species (ROS) and induces pro-
inflammatory responses [48]; however, this system can have either 
a protective or a deleterious role depending on the type of proteins 
involved and the extent and duration of activation (reviewed in 
[46]). 

 The first evidence that AD has a neuroinflammatory component 
arose two decades ago from immunohistochemistry studies showing 
the presence of activated microglia expressing proteins of major 
histocompatibility complex (MHC), inflammatory cytokines and 
complement proteins, which are associated with amyloid plaques in 
vulnerable brain regions of AD patients [42,50]. The inflammatory 
mediators associated with AD lesions were shown not be blood-
derived but instead produced locally by microglia, astrocytes and 
neurons (reviewed in [42]). The characterization of inflammatory 
responses in the postmortem brain led to an “inflammatory hy-
pothesis” for AD pathogenesis, which postulated that inflammatory 
factors produced in the brain, particularly as a result of microglial 
activation by A , could damage axonal processes or synapses and 
trigger neuronal death [14,51]. More recently, brain imaging studies 
of living AD patients, performed with positron emission tomogra-
phy (PET) using the ligand of the benzodiazepine receptor, 
PK11195, which selectively labels activated microglia, identified 
the presence of these immune cells in neocortical areas of AD 
brains, even in patients with MCI [52,53]. These observations 
indicate that neuroinflammation is an early event in the pathogene-
sis of AD. Observational epidemiological studies also provided 
convincing evidence for the involvement of an inflammatory com-
ponent in AD. Indeed, it was reported that subjects treated with 
non-steroidal anti-inflammatory drugs (NSAIDs) for long periods 
(24 months or more of cumulative use) displayed about 60–80% 
reduction in the relative risk for AD [54,55]. Moreover, chronic 
intake of NSAIDs attenuated disease onset, decreased the rate of 
cognitive impairment and reduced the level of overall symptomatic 
severity [54,55]. Postmortem analysis of brains of AD patients, as 
well as of transgenic mice modelling AD, showed that NSAIDs 
treatment decreases A  deposits and the number of microglia asso-
ciated with them [56-58]. Moreover, some studies showed that the 
inhibition of neuroinflammation, mainly of the action of pro-
inflammatory factors, prevents memory impairment in AD mice 
model [59-61]. Although the mechanisms involved in these benefi-



2768    Current Pharmaceutical Design, 2010, Vol. 16, No. 25 Agostinho et al. 

cial effects of NSAIDs in AD are not completely understood, sev-
eral non-exclusive mechanisms are likely to be involved, such as 
the decrease of A  production [62], mainly through inhibition of - 
or -secretase activity [63], or the enhancement of A  clearance 
[64]. Alternatively, NSAIDs can prevent neuroinflammation 
through the activation of peroxisome-proliferator-activated recep-
tor-  (PPAR- ) a nuclear receptor that controls the expression of 
pro-inflammatory genes, or by the inhibition of cyclooxygenase-2 
(COX-2) that is expressed in neurons and mediates the synthesis of 
inflammatory prostaglandins [65, 66]. However, it should be men-
tioned that some randomized controlled trials of NSAIDs for pre-
vention or treatment of AD or MCI fail to detect a significant im-
pact of NSAIDs on cognitive decline [195,196]. 

 Neuroinflammation in AD is thought to be triggered by A  
and/or by the substances released by dying neurons, causing micro-
glia activation [14,51]. Activated microglia trigger the recruitment 
and proliferation of astrocytes that actively bolster the inflamma-
tory response to extracellular A  deposits. This neuroinflammatory 
component of AD is further characterized by a local cytokine ac-
cumulation mediating acute-phase response, activation of the com-
plement cascade and induction of inflammatory enzyme systems 
such as inducible nitric oxide synthase (iNOS) and COX-2 [67,68]. 
All these factors, either alone or in concert, can contribute to neu-
ronal dysfunction and death that occur in AD [67,68] (see Fig.1). 

Although T and B lymphocytes and peripheral macrophages have 
been detected in the brain of AD patients [49,69], it appears that the 
inflammatory response affecting nerve terminals is not primarily 
mediated by the invading peripheral immune cells, but rather by 
microglia and astrocytes [69,71]. However, animal studies showed 
that peripheral infection causes a heightened inflammatory cytokine 
response and neuronal dysfunction in the hippocampus, as well as 
learning and memory [70-72]. 

 In the brain of AD patients, increased levels of several cytoki-
nes and chemokines have been identified, including IL-1 , IL-6, 
TNF- , IL-8, TGF- , MIP-1 , as compared with age-matched 
control subjects [42,73]. The presence of high levels of inflamma-
tory factors in the plasma (IL-12, IL-16, IL-18 and TGF- 1) was 
identified as a possible predictor of conversion from MCI to AD 
[74]. Similarly, the brain of AD animal models display increased 
levels of TNF- , IL-1 , IL-1 , MCP-1, COX-2 and complement 
component 1q [75,76]. The increased production of pro-inflam-
matory cytokines in AD animal models was shown to be involved 
in LTP depression [77] and memory deficits [61, 78], suggesting 
that neuroinflammation can be integrally involved in the cognitive 
decline observed in AD. Cytokines, mainly TNF-  and IFN- , can 
enhance A  deposition through the upregulation of BACE1 or the 
reduction of A  clearance and degradation by glia cells [79]. In 
contrast, it was shown that in AD animal models with a reactive 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. (1). Molecular and cellular players of neuroinflammatoty response in AD. Glial cells (astrocytes and microglia) play a crucial role in neuronal func-

tion, mainly in synaptic transmission (A). Astrocytic processes enwrap synapses, controlling neurotransmission principally by removing the glutamate from 

the synaptic cleft. Microglia (immune effector cells of CNS) actively monitor the extracellular environment by extending and retracting processes, making 

specific and transient contacts with nerve terminals. (B). In early AD phases occur synaptic dysfunction and loss, which is believed to be triggered by A  

oligomers (derived from the abnormal processing of APP). A  and/or the substances released by dying neurons, such as glutamate, ATP and ROS, that are 

able to activate microglia and astrocytes, triggering a neuroinflammatory-like response. Neuroinflammation is an early event in AD and involves alterations in 

the phenotype and/or function of microglia and astrocytes; it is characterized by the appearance of a plethora of potential pro- inflammatory and neurotoxic 

factors, including cytokines (TNF- , IL-1 , IL-6), ROS, glutamate and ATP, which in turn promote further proliferation and activation of glial cells and 

neuronal damage, triggering a vicious cycle. However, the impact of glial activation on neuronal function and viability is a “double-edged sword”, since glial 

cells not only contribute to trigger a neuroinflammatory response, but they also participate in the clearance of A  and glutamate (putative substances responsi-

ble for the initiation and amplification of damage in AD) as well as in the generation of anti-inflammatory cytokines (IL-4, IL-10) and neurotrophic factors 

(GDNF and BDNF), which can be responsible for neuronal survival or regeneration.  
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gliosis, the overproduction of IL-6 enhances the clearance of A  
deposits [80]. Furthermore, inflammatory factors such as cytokines 
and ROS might change the substrate selectivity and activity of 
kinases/phosphatases leading to tau phosphorylation at pathological 
sites [81]; this provides a framework to suggest that neuroinflam-
mation might be a link between A  deposition and the formation of 
neurofibrillary tangles. Studies performed in vitro with cultured 
microglia isolated from rodent or human brains also showed that 
A  exposure triggers an inflammatory-like response, which in-
cludes an increased production of pro-inflammatory cytokines, 
reactive oxygen and nitrogen species and other neurotoxic factors 
[82-84]. There is evidence that the complement system is fully 
activated in AD brains, namely C1q, C1r, C1s, C2, C3, C4, C5, C6, 
C7, C8, and C9 [42,47]. Moreover, in vitro studies show that A  
can activate the complement system, mainly by interacting with 
C1q and C3 [47]. Complement activation could result in the genera-
tion of cleavage peptides, C3a and C5a, which are known to be 
chemotactic for glia cells [46]. The presence of complement com-
ponents in amyloid plaques contributes to the recruitment of acti-
vated astrocytes and microglia that can further secrete several pro-
inflammatory cytokines, proteases and reactive oxygen species, 
accelerating the neurodegenerative process that occurs in AD 
[42,47]. Although evidence exist showing the involvement of neu-
roinflammation in AD pathogenesis, this process could also have 
beneficial effects, depending on the inflammatory mediators acti-
vated and produced, the time of disease development and also 
whether the response is acute or chronic [85]. The complement 
system might also have beneficial role in AD, since it can promote 
A  clearance or neuronal survival through the activation of neuro-
protective mitogen-activated protein (MAP) kinase pathways 
[42,47]. Furthermore, reactive glial cells can also release anti-
inflammatory cytokines and trophic factors such as brain-derived 
neurotrophic factor (BDNF) and glia-derived neurotrophic factor 
(GDNF), which are potentially beneficial to the survival of neurons 
in AD conditions [41,86]  

3. CELL MEDIATORS OF NEUROINFLAMMATION  

3.1. Microglia Cells 

 Microglia are the main immune effectors cells of the CNS 
representing approximately 5-10% of total cell population of the 
adult brain [87]. These macrophage-like cells of myelomonocytic 
origin display characteristics of professional phagocytes such as 
complement components and their receptors, major histocompati-
bility complex II (MHC II) proteins and scavenger receptors 
[87,88]. Microglia are present throughout the brain parenchyma and 
actively survey the extracellular environment by extending and 
retracting processes, making specific and transient contacts with 
nerve terminals [89].  

 Under physiological conditions in adult brain, microglia exhibit 
a ramified morphology (large cell soma with thin and branched 
processes) and low expression of molecules associated with phago-
cytic function, a state traditionally termed “resting microglia” or 
“ramified microglia” [90,91]. These cells are kept in this quiescent 
state by interaction with astrocytes and neurons through a process 
involving CD200R-CD200 signalling [27]. After injury and under 
neurodegenerative conditions, microglia cells become reactive; they 
acquire an amoeboid morphology with phagocytic activity and 
exhibit altered expression of cell surface markers, such as upregula-
tion of MHC II antigens or complement proteins, and produce a 
large variety of cytokines, chemokines, growth factors, nitric oxide 
and ROS [89]. Numerous in vitro studies identified several mole-
cules such as A , chemokines, cytokines, ATP, complement factors 
or oxidants that can cause microglia activation and proliferation 
with diverse morphological phenotypes and functional responses 
[90,92]; this suggests that microglia responses are tailored in re-
gional- and injury-specifics manners. Currently there is little infor- 
 

mation about the functional responses that attend the distinct mor-
phological phenotypical states of microglial activation; however, 
this is beginning to be addressed thanks to the increased awareness 
of microglia heterogeneity and the inability to directly translate 
effects seen in cell culture systems to in vivo conditions. 

 Aging causes alterations of microglia, changing their morphol-
ogy and function, a process termed immunosenescence [93]. The 
aged human brain display “dystrophic” microglia, which are char-
acterized by non-ramified, atrophic, fragmented and abnormally 
tortuous processes [94,95]. Aged microglia also exhibit telomere 
shortening and decreased telomerase activity, suggesting that cells 
entered into replicative senescence [94,95]. In general, normal brain 
aging is associated with a shift towards a pro-inflammatory status 
with augmented expression and production of pro-inflammatory 
and downregulation of anti-inflammatory factors, as well as with 
the downregulation of CD200-CD200R signalling that maintains 
inhibition of microglia activation [96]. Moreover, it was shown that 
the anti-inflammatory CD200R-CD200 system is further decreased 
in AD brain, justifying an enhanced and chronic neuroinflammatory 
state [27]. Altogether, this supports the view that an age-associated 
decrease of microglia homeostasis may lead to deregulation of 
neuroinflammation that can contribute to precipitate AD in an age-
dependent manner. This is in accordance with evidence showing 
that microglia can play a key role in progression of neuronal dam-
age in AD due to its modified reactive phenotype and responses 
[91]. It is thought that microglia interact with A  and/or substances 
released by dying neurons and mount a local inflammatory re-
sponse, characterized by overproduction of inflammatory cytokines 
(TNF- , IL-1 , IL-6), chemokines, ROS, reactive nitrogen interme-
diates, proteases and glutamate receptors agonists, which in turn 
promote further proliferation and activation of glial cells and neu-
ronal damage, triggering a vicious cycle [91].  

 On the other hand, microglia function may also play beneficial 
roles in AD, since activated microglia are able to reduce A  accu-
mulation by increasing its phagocytosis, clearance and degradation 
[56,97,98]. Indeed, microglia express receptors that promote A  
phagocytosis, namely scavenger receptors of class A or B and 
receptors for advanced-glycosylation endproducts [99,100]. In 
addition these cells also secrete proteolytic enzymes that degrade 
A , such as insulin-degrading enzyme, neprilysin, matrix metallo-
proteinase 9 and plasminogen/plasmin complex [101,102]. Al-
though accumulating evidence supports a role for microglia in A  
clearance, it remains to be clarified why A  continues to accumu-
late, and why AD pathology progresses in spite of continued micro-
glia activation and recruitment. Possible explanations for the failure 
of microglia to prevent AD progression would be that these cells: i) 
become overloaded by the great amount of A  produced and cannot 
keep up with the pace of A  generation; ii) become more pro-
inflammatory and lose their A -clearing capacity, resulting in 
reduced A  uptake and degradation; iii) become dystrophic or 
senescent [103]. Therefore, the role of microglia in neuroinflamma-
tion associated with AD could be seen as “double-edged” sword. 
Microglia are recruited to sites of A  deposition as an attempt to 
clear these neurotoxic peptides, and it is likely that early microglial 
activation retards AD progression. However, during aging, micro-
glia become dysfunctional and have a significant reduction in ex-
pression of their A -binding receptors and A -degrading enzymes, 
while maintain their ability to produce pro-inflammatory cytokines 
and other neurotoxic species. These cytokines may in turn promote 
A  production, through the activation of -and -secretases and/or 
reduction of A  clearance, which contributes to disease progres-
sion. Anti-inflammatory therapies that distinguish between such 
dichotomous functions of microglia and promotes their ability to 
clear A , while decreasing their ability to produce pro-inflam-
matory cytokines may indeed be very helpful to delay or stop the 
progression of AD [103].  
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3.2. Astrocytes 

 Astrocytes are specialized glial cells that represent nearly 35% 
of the total CNS cell population and, like microglia, are found 
through all CNS regions [104]. These cells have an ectodermal 
origin and can be histologically visualized by immunolabeling with 
antibodies selective for astrocytic proteins such as glial fibrillary 
acidic protein (GFAP, a cytoskeletal protein), glutamine synthetase, 
calcium binding protein B (S100B), or the glutamate transporters 
GLT1 and GLAST, all of which are expressed at high densities in 
astrocytes [30]. There is a clear anticipation that astrocytes may 
correspond to a heterogeneous class of cells, but our current inabil-
ity to identify markers for these putative different types of astro-
cytes still forces us to discuss astrocytes as a generic cell type. 

 In physiological conditions, astrocytes carry out several func-
tions that involve the control of neuronal function are absolutely 
essential for proper brain function. Many astrocytic processes en-
wrap synapses, tightly controlling the process of neuronal commu-
nication [88]. Accordingly, astrocytes have key function in synaptic 
transmission and information processing that include the: i) control 
of extracellular glutamate levels (they remove about 80% of the 
total amount of glutamate released), thus preserving synaptic func-
tion by preventing glutamate excitotoxicity [105,106]; ii) removal 
of excessive extracellular K

+
, controlling neuronal depolarization 

[92]; iii) response to neurotransmitter released by neurons, through 
activation of receptors located in astrocytes that trigger Ca

2+
 waves 

and the release of gliotransmitters (glutamate, D-serine, ATP and 
nitric oxide) that have feedback actions on neuronal activity [88]. 
Astrocytes are not only essential to preserve the homeostatic func-
tioning of individual synapses, but they also play a key role in 
coordinating neuronal circuits by affecting hundreds of synapses 
per astrocytic domain [107, 194]. Apart from this direct participa-
tion in the support and control of neuronal circuits, astrocytes re-
lease some factors such as IL-6, TGF-  and GDNF that regulate 
BBB permeability. Furthermore, these cells have processes en-
sheathing synapses and intraparenchymal capillaries, which allow 
them to control glucose entry into the brain parenchyma; astrocytes 
are able to store glucose as glycogen or transform glucose to lactate 
(a major metabolic substrate for neurons) and thus have a crucial 
role in energy metabolism of neurons [108]. In addition, astrocytes 
have large amounts of ROS scavengers and anti-oxidants, mainly 
glutathione and ascorbate, protecting the brain against oxidative 
stress [109]. Therefore, astrocytes are considered to control the 
function and death of neurons, and also determine adult neurogene-
sis through "stem" astrocytes subpopulations [110].  

 Several forms and severities of brain injury and disease trigger 
alterations in astrocytes through a process designed as reactive 
astrogliosis, which is not a simple all-or-none phenomenon but a 
gradated progressive process characterized by an array of molecu-
lar, cellular and functional changes [111]. These alterations in 
reactive astrocytes are controlled by inter- and intra-cellular signal-
ling molecules in a context-specific manner and can potentially 
change the activities of astrocytes through gain and/or loss of func-
tion, which can impact both beneficially and detrimentally on sur-
rounding cells [112]. During mild or moderate reactive astrogliosis, 
there is a variable upregulation of GFAP levels (barely detectable in 
healthy tissue) and a hypertrophy of astrocytes cell bodies and 
processes, whereas the proliferation of these cells is limited or 
nonexistent [112]. These stages (mild or moderate) of reactive 
astrogliosis can be reversed if the noxious insult mechanism is 
resolved and if neuronal tissue architecture is not profoundly af-
fected [112]. In contrast, severe reactive astrogliosis is character-
ized by a marked upregulation of GFAP and other genes, together 
with pronounced hypertrophy of cell bodies and processes, as well 
as astrocytes proliferation and considerable extension of astrocytic 
processes [112, 113]. These alterations can result in long-lasting 
reorganization of tissue architecture, which can extend diffusely 
over considerable areas, and in some cases can lead to the forma-

tion of glial scars that can act as a neuroprotective barrier to in-
flammation [112, 114]. Glial scars encompass an interaction of 
reactive astrocytes with other cell types, mainly fibromeningeal and 
microglia cells, and the deposition of a collagenous extracellular 
matrix that contains many molecular cues that inhibit axonal and 
cellular migration, which hinder neuronal regeneration [115].  

 Different types of signalling molecules might trigger or modu-
late reactive astrogliosis including: i) cytokines and growth factors 
mainly IL-1 , TNF , INF , IL6, IL10, TGF ; ii) neurotransmitters 
such as glutamate and noradrenaline; iii) ATP and other purines; iv) 
ROS and NO; v) molecules associated with neurodegeneration such 
as A , uric acid and ammonia [116]. Activated astrocytes release 
several inflammatory factors, mainly TNF , granulocyte macro-
phage colony-stimulating factor and S100B, which can cause fur-
ther activation of astrocytes and of microglia perpetuating inflam-
matory signalling cycles if not halted by endogenous or exogenous 
anti-inflammatory agents [111,117]. 

 The brain of AD patients displays reactive astrocytes that tend 
to be localized and intimately associated with amyloid deposits, 
surrounding them with dense layers of processes that might form 
miniature glial scars [111]. Reactive astrocytes can contain substan-
tial amounts of different forms of A , mainly A 42 and A  trun-
cated forms, since these cells are natural scavengers of this protein. 
However, A  internalization and accumulation into astrocytes 
profoundly alter their metabolic phenotype with deleterious conse-
quences for neuronal viability [118]. Indeed, it was observed that 
exogenous mature astrocytes (plated over brain sections) were 
attracted to amyloid plaques present in brain sections of AD animal 
models and, when reaching the borders of amyloid plaques, could 
bind, internalize and degrade A ; in contrast, endogenous astro-
cytes present around the amyloid plaques of brain sections were 
unable to remove A  [119]. Reactive astrocytes can express A -
degrading enzymes, mainly matrix metalloproteinases- 2, -3 and 9 
and neprilysin [120, 121]. Controversial data exist concerning the 
alterations in the levels or activity of A -degrading enzymes in AD 
patients and animal models of AD [121¸ 122], but it is likely that 
upregulation of some of them initially compensate for declined 
activity of others [120]. In addition, it was shown that reactive 
astrocytes from aged transgenic AD mice model express -
secretase, the enzyme responsible for generation of A , suggesting 
that they might promote A  accumulation [123]. Accordingly it was 
reported that reactive astrocytes from patients with sporadic AD 
also have increased levels of presenilin-1, a component of the -
secretase complex that is involved in A  formation [124]. Thus, 
astrocytes undergoing modifications associated with chronic in-
flammation (as occurs in AD) might suffer a dual deleterious trans-
formation: on one hand, they loose their ability to remove and 
digest A , and on the other hand, they acquire the capacity to gen-
erate the peptide [111]. 

 The reactivity of astrocytes in the presence of A  may also 
indirectly affect neurons through the release of inflammatory fac-
tors. In fact, studies in vitro showed that the application of A  to 
mixed cultures of hippocampal neurons and astrocytes causes ab-
normal intracellular Ca

2+
 transients and mitochondrial depolariza-

tion in astrocytes long before any impairment is visible in neurons 
[125]. Thus, the subsequent neuronal death might be the result of 
oxidative stress, pro-inflammatory or neurotoxic signals generated 
by reactive astrocytes [125]. In fact, cultured astrocytes exposed to 
A  become reactive and have reduced glutamate clearance capacity 
[126]; accordingly in AD brain, the levels of astrocytic glutamate 
transporters decrease along with disease progression [127]. These 
alterations might be responsible for the vulnerability of local neu-
rons to glutamate excitotoxicity. Moreover, reactive astrocytes 
through the overproduction of pro-inflammatory cytokines, such as 
TNF- , might contribute to progressive reduction of synaptic effi-
cacy that underlies the cognitive decline in AD [111]. In fact, the 
central importance of astrocytes in clearing A , controlling the 
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reactivity of microglia and preserving the homeostatic functioning 
of individual synapses and brain circuits allows predicting that they 
should play a key role in AD. Thus, all the better established altera-
tions in AD such as i) hypometabolism; ii) synaptic excitotoxicity; 
iii) neuroinflammation and iv) uncontrolled production of free 
radicals, depend on a proper functioning of astrocytes 

3.3. Neurons 

 The neuron is considered to be the basic information processing 
unit, constituted by cell body, axon and dendrites that have an 
unidirectional flow of information from the receiving dendrites, via 
the integrating cell body, to the terminal branches of the axon. 
Neuronal networks, connected through synaptic contacts, are con-
sidered as the basis of our intellect. When a neuron dies the connec-
tions it makes with its neighbouring neurons are lost; however, the 
brain is plastic and new connections and synapses can be formed to 
attempt preserving the circuitry [128]. Although, neurons were 
traditionally considered to be passive bystanders in neuroinflamma-
tion, recent evidence suggest that neurons can produce pro-
inflammatory factors; in fact, neurons can serve as a source of 
several cytokines, such as IL-1 , IL-6 and TNF-  [129,130], as well 
as chemokines, complement proteins and COX-2-derived prosta-
noids [131, 132]. Accumulating evidence suggest that neurons, 
which are highly active and vulnerable cells, inform microglia 
about their status and are capable of controlling microglia function 
or activation through OFF and ON signals [131]. The former sig-
nals include CD200, chemokines (e.g. fractalkine), neurotrophins 
and neurotransmitters and seem to be important to maintain tissue 
homeostasis and restrict microglia activity under inflammatory 
conditions, mainly to prevent further brain damage [131,133]. The 
ON signals are produced by dysfunctional or dying neurons and 
activate either supportive or toxic microglia function, and include 
glutamate, ATP, chemokines (CX3CL1, CCL21 and CXCL10) and 
matrix metalloproteinase-3 [131,134]; in particular, the membrane 
bound ON signal TREM2 (the receptor expressed on myeloid cells-
2) ligand is present in the membrane of apoptotic neurons to control 
microglia phagocytosis (reviewed in [131]).  

 Although it is widely accepted that neuronal death occurs in 
neurodegenerative diseases, the demise of neuronal death is often 
unclear. There are different demises of neuronal death, such as 
necrosis, apoptosis, autophagic cell death and excitotoxicity [135]. 
Necrosis is characterized by ionic homeostasis deregulation, ATP 
loss, cell swelling and further membrane rupture; this form of cell 
death, due to release of the cell content into the environment, usu-
ally triggers inflammation in the surrounding tissues [136]. In con-
trast, apoptosis is a type of programmed cell death characterized by 
the maintenance of cellular ATP and the initiation of a biochemical 
pathway leading to condensation and fragmentation of nucleus, cell 
shrinkage and formation of apoptotic cell bodies that are usually 
engulfed by local cells with phagocytic capacity. This form of 
neuronal death, which was originally defined as 'shrinkage necro-
sis', is usually associated with the activation of caspases, the prote-
ases that exist in a functional hierarchy of initiator and downstream 
effector caspases [137]. The activation of caspases, which can be 
triggered by intrinsic (mitochondrial) and/or extrinsic (death recep-
tor) pathways, causes the cleavage of several proteins and further 
degradation of cells [135]. Increasing data suggest that neurodegen-
eration in AD involves an apoptotic process, as evidenced by the 
presence of activated caspases and cleaved DNA as well as by the 
increased levels of markers of oxidative damage that may mediate 
neuronal apoptosis [146]. A rapid and effective phagocytosis of 
apoptotic neurons by microglia is crucial to protect the adjacent 
cells from an undesirable inflammatory reaction that could aggra-
vate neurodegeneration [147]. Neuronal death can also occur 
through autophagy. Autophagic cell death is mediated by a con-
served family of about 17 genes [138] and is associated with an 
excessive autophagy, a process by which organelles and/or mis-
folded protein are engulfed within double-membraned autophagic 

vacuoles and sent for lysosomal degradation. Although autophagy 
contributes to the maintenance of intracellular homoeostasis, the 
activation of the autophagic pathway beyond a certain threshold 
may cause cell membrane disruption that usually triggers cell death 
and further local inflammation [139]. Neurons may undergo a 
particular mode of death, referred as excitotoxicity, caused by 
excessive stimulation of the NMDA subtype of glutamate receptors 
[140]. This form of neuronal death occurs as a result of general 
depolarization of neurons, Ca

2+ 
overload, ATP depletion, impair-

ment of neurotransmitter release and/or re-uptake, and it is linked to 
activation of both apoptosis and necrosis [135]. 

 Alzheimer's disease is characterized by the death or dysfunction 
of particular groups of neurons, mainly cholinergic and glutamater-
gic [141,142]. Neuronal dysfunction might not necessarily be 
caused only by neuronal death, but may instead result from synaptic 
loss, changes in LTP and disruption of neuronal signalling; these 
events often pave the way for neuronal loss in chronic neurodegen-
erative diseases [135]. In addition, aging (a risk factor for AD) 
contributes to the accumulated oxidative stress potentiating the 
extent of neuronal death [6]. There is evidence that A  oligomers 
accumulate intraneuronally and impair Ca

2+
 homeostasis, disturb 

the function of intracellular organelles, mainly mitochondria and 
endoplasmic reticulum, and enhance the formation of neurofibril-
lary tangles in neurons [143]. The presence of malfunctioning 
mitochondria in synapses might contribute to the particular synaptic 
dysfunction and loss occurring in AD [26]. Moreover, neuronal 
synapses can release A  peptides and can also be a target of A  
oligomers affecting synaptic function and morphology, mainly by 
altering glutamate recycling [144] or the activation of NR2B-
containing NMDA-receptors [145]. 

4. OXIDATIVE STRESS: ANOTHER KEY PROCESS IN AD 

 Oxidative stress has been implicated in the pathogenesis of 
brain disorders, mainly neurodegenerative disorders and ischemia. 
The brain is particularly vulnerable to oxidative damage because it 
has an elevated oxygen consumption, high levels of polyunsaturated 
fatty acids (very vulnerable to oxidation by free radicals), low 
levels of antioxidants and relatively high levels of redox transition 
metal ions [24,25]. In brain, the oxygen-rich environment and the 
presence of iron ions facilitate the production of ROS, such as the 
superoxide anion (O2

•
), hydroxyl radical and hydrogen peroxide 

that ultimately trigger a cascade of oxidative events [24,25]. Stress-
ful or pathogenic conditions may trigger oxidative stress by unbal-
ancing oxidant production pathways and anti-oxidant defences, 
leading to increased ROS levels [148]. These reactive species may 
interact with proteins, lipids, carbohydrates and nucleic acids, 
leading to oxidative damage of these biomolecules and cellular 
dysfunction [148]. Moreover, oxidative stress and/or other toxic 
insults can trigger the overexpression of inducible nitric oxide 
synthase (iNOS) and the activation of constitutive neuronal nitric 
oxide synthase leading to an increased nitric oxide (NO

·
) produc-

tion via the catalytic conversion of arginine to citrulline [68]. NO
·
 is 

a critical signaling and redox factor in the brain that can be in-
volved in controlling synaptic activity and also in neurodegenera-
tive processes, such as inflammatory responses [68]. The reaction 
of NO

·
 with O2

•
 forms peroxynitrite (ONOO ), which is highly 

reactive and can generate other reactive nitrogen species (RNS), 
such as nitrogen dioxide (NO2

-
), or react with tyrosine residues of 

proteins, forming 3-nitrotyrosine [68,149]. The damage caused by 
ROS and /or RNS is counteracted by endogenous antioxidants that 
protect against oxidative and nitrosative stress in several ways 
including: a) scavenging of ROS/RNS; b) inhibition of ROS/RNS 
formation; c) binding of metal ions involved in ROS production; d) 
resolving adduct formed by reaction of ROS with proteins or lipids. 
The endogenous antioxidants can be: i) enzymatic, such as glu-
tathione peroxidase, glutathione reductase, superoxide dismutases 
and catalase or ii) non-enzymatic such as glutathione, ubiquinol or 
uric acid [148]. 
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 Mitochondria have been long considered to be the main en-
dogenous source of ROS [150]. O2

•
 can be produced in mitochon-

drial electron transport chain complexes I and III, in components of 
the tricarboxylic-acid cycle, including -ketoglutarate dehydro-
genase, and in the outer mitochondrial membrane [150]. The ROS 
produced might translocate to cytoplasm and, ultimately, cause the 
oxidation of cytoplasmic proteins [25]. Recently, it was proposed 
that the mitochondrial respiratory chain can also produce NO

·
, 

through a pathway involving cytochrome c oxidase (mitochondrial 
complex IV) that is able to reduce NO2

- 
to NO

·
 [151]. This nitrite 

reductase pathway is oxygen-independent and activated under 
hypoxic or anoxic conditions [151]. Both ROS and RNS, mainly 
NO

·
 and ONOO , can inhibit components of the mitochondrial 

respiratory chain, compromising cellular energy metabolism [151]. 
The lack of histones in mitochondrial DNA and the reduced capac-
ity to repair DNA render this organelle a vulnerable target to oxida-
tive stress events [25,149].  

 Another source of ROS is nicotinamide adenine dinucleotide 
phosphate (NADPH) oxidase, which catalyzes the formation of O2

.
 

from O2 [152]. Although NADPH oxidase was originally consid-
ered to be expressed only in phagocytic cells involved in immune 
responses (e.g. microglia), there is now evidence that some iso-
forms of this enzyme are present in astrocytes and neurons [152]. 
Recently, NADPH oxidase was shown to be involved in ROS pro-
duction by astrocytes, which further trigger the expression and 
activation of pro-inflammatory mediators, such as iNOS [153]. 

 In the brain of AD patients and of animal models of AD, oxida-
tive stress is noticeable by elevated oxidative stress markers [154]. 
Different markers are commonly assessed to determine the extent of 
oxidative stress in diverse classes of compounds with cells, namely 
i) proteins: carbonyls groups and 3-nitrotyrosin; ii) lipids: thiobarbi-
turic acid reactive substance, free fatty acid release, iso- and neuro-
prostane formation, acrolein and 4-hydroxy-2-trans-nonenal; iii) 
carbohydrates: advanced glycation end products for carbohydrates; 
iv) nucleic acids: 8-hydroxy-2 -deoxyguanosine and 8-hydroxy-
guanosine and other oxidized bases (reviewed in [155]). Elevated 
levels of lipid peroxidation, protein or nucleic acids oxidation and 
advanced glycation end products were shown to be present in brain 
regions relevant to AD that have neuropathological lesions, mainly 
hippocampus and entorhinal cortex [156]. Proteomic analysis of 
AD brain identified a large number of oxidised proteins, likely 
dysfunctional, that have key roles in vital cellular functions, such as 
in energy metabolism pathways [157]. This evidence is in agree-
ment with a key role of A  in the production of ROS and/or RNS 
that further contributes for oxidative/nitrosative stress in AD patho-
genesis [24,158]. Furthermore, data from AD patients and AD 
animal models show that oxidative damage is an early event in this 
brain pathology; in fact, increased levels of oxidative markers are 
detected in the brain of subjects with MCI [155].  

 Several studies also report a role of oxidative stress in the neu-
rodegenerative process in transgenic AD animal models [159,160] 
and in in vitro AD conditions [161,162]. In fact, the idea that oxida-
tive stress is associated with AD is strengthened by a study where 
an AD mice model (Tg2576) were crossed with mice deficient in -
tocopherol (endogenous antioxidant): it was observed that these 
double mutants have increased cerebral oxidative damage and 
accelerated A  deposition [163]. Increased oxidative stress, coupled 
with Ca

2+
 homeostasis deregulation, is proposed to underlie the loss 

of synaptic activity and associated cognitive decline in AD. The 
oxidative stress triggered by A  could be initiated from mitochon-
dria, cytoplasm, and also from outside the cells [164]. In fact, A  
oligomers were shown to be present in mitochondrial membranes 
isolated from brain of AD patients or AD animal models, suggest-
ing possible alterations in mitochondrial structure and function as 
one of the mechanism(s) of AD pathogenesis [165,166]. A  was 
also shown to trigger ROS production through a pathway involving 
glutamate receptors [167] or the activation of NADPH oxidase in 

microglia [168]. In addition, data from our group have also reported 
that A  exposure increases ROS production in cultures of astrocytes 
and of microglia [83, 126]. A  has a critical methionine residue at 
position 35 (Met35), corresponding to residue 631 of APP, which is 
thought to be related with the toxicity of this peptide, mainly with 
its capacity to induce oxidative stress [166,169]. Recently it was 
shown that oxidative damage was prevented in the brain of mice 
where the methionine of APP residue 631 (Met 35) was substituted 
by leucine, as compared with aged-matched non-genetically modi-
fied mice [170]. 

 Overall these observations indicate that AD corresponds to an 
oxidative stress pathologic condition, and this information paves the 
way for testing potential antioxidant agents both in vitro and in vivo 
to develop effective therapeutic strategies for AD. 

4.1. Therapeutic Strategies Targeting Oxidative Stress in AD 

 Antioxidants have been widely discussed in the scientific litera-
ture as beneficial agents that may protect against several aged-
related diseases, such as AD [148,171]. Antioxidant strategies can 
operate as; i) free radical scavengers, e.g., ascorbic acid (vitamin 
C), -tocopherol (vitamin E), flavonoids and polyphenols; ii) pre-
ventive antioxidants such as metal chelators, glutathione peroxidase 
and reductase and superoxide dismutase; and iii) repair and de novo 
synthesis enzymes (lipases, proteases and DNA repair enzymes). 
Nonspecific antioxidants include melatonin, omega-3 polyunsatu-
rated fatty acid (docosahexaenoic acid), curcumin, coenzyme Q10 
(CoQ10) and -lipoic acid [148,171]. 

 Antioxidant strategies have been mainly studied in cellular 
(exposure to A ) and animal models of AD, mainly in the trans-
genic mice that overexpress APP and develop both A  plaques and 
memory deficits. In an AD mice model (Tg2576), it was reported 
that vitamin E supplementation in young, but not aged mice, re-
duces A  levels and amyloid deposition [172]. CoQ10, an endoge-
nous antioxidant and a powerful free radical scavenger, attenuates 
A  overproduction and intracellular A  deposit in the cortex of the 
transgenic mice [173]. Curcumin, a polyphenol derived from curry 
spice, reduces oxidative damage and amyloid pathology in Tg2576 
AD mice [174]. A recent study using this AD mice model also 
showed that other phenolic compounds (ferulic acid, myricetin, 
nordihydroguaiaretic acid and rosmarinic acid), administrated for 
10 months, beginning at 5 month of age, to Tg2576 mice, prevented 
the development of AD pathology by affecting A  aggregation 
[175]. Chronic ingestion of -lipoic acid was shown to reduce 
hippocampal-dependent memory deficits of Tg2576 mice without 
affecting A  levels or plaque deposition [176], whereas melatonin, 
a neurohormone that permeates the BBB, fails to alter amyloid 
burden or oxidative damage in this AD mice model [177]. In con-
trast, long term administration (5 months) of melatonin was shown 
to improve cognitive deficits in double (APP and PS1) transgenic 
AD mice [178]. In fact, the effect of melatonin on AD animal mod-
els is controversial and seems to depend on the time, duration and 
dose of administration and disease status at the time of administra-
tion [179]. Moreover, it was shown that in rats chronically infused 
with A 1-40, the flavonoid nobiletin also improves memory defi-
cits [180].  

 The effect of antioxidants was also evaluated in different in 
vitro cellular models of AD. Vitamins E and trolox (hydrosoluble 
analogue of vitamin E) protect from oxidative damage triggered by 
A  synthetic peptides in hippocampal neurons [181,182]. Vitamin 
C prevents neuronal death induced by the synthetic peptide A 25-
35 [183]. Quercetin, a flavonoid found in various foodstuffs, pre-
vents oxidative damage induced by synthetic A 1-42 in cultured 
cortical neurons [184]. Seleno-L-methionine, galantamine and 
D609 (xanthate) prevent neuronal oxidative damage induced by A  
[162,185,186]. Ethyl-4-hydroxy-3-methoxycinnamic acid (FAEE), 
a phenolic compound with antioxidant and anti-inflammatory ef-
fects, protects against A 1-42 toxicity by modulating oxidative 
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stress directly and by inducing protective genes in hippocampal 
neurons [187]. Melatonin, besides providing direct antioxidant 
protection to neurons, may enhance neuroprotection against A -
induced neurotoxicity by promoting the survival of glial cells [188]. 
Dietary supplementations with fruits and vegetables that have high 
antioxidant potential are also protective against A -induced neuro-
toxicity [189,190]. 

 Despite the data supporting the involvement of oxidative stress 
in animal and in vitro models of AD, human clinical experience 
with antioxidant strategies has been largely disappointing [171], 
mainly after adjusting the data for age, education and sex [158]. A 
controlled trial study in patients with mild-to-moderate

 
AD showed 

that vitamin E
 
supplementation caused a delay in the time of institu-

tionalization and in the onset of severe dementia, but had no sig-
nificant benefit in cognitive decline

 
[191]. Furthermore, in a contin-

ued follow-up study where the MCI patients were treated with 
vitamin E throughout three years, it was observed that there were 
no significant differences in the rate of progression to AD between 
vitamin E and placebo groups. [192]. Clinical trials for vitamin E in 
combination with vitamin C and/or -carotene, revealed some 
improvement in the cognitive performance of AD patients; how-
ever; the extent of this putative beneficial effects of these antioxi-
dant supplements is unconvincing [171]; furthermore, long term 
treatment with -carotene and vitamin E seems to increase mortality 
[193]. However, it should be pointed out that only a limited number 
of clinical trials of small molecules with a putative antioxidant 
action have so far been carried out in comparison, for instance, with 
the vast number of trials investigating antioxidant-based stroke 
therapies [171]. Although there are evidence that oxidative stress is 
involved in AD pathogenesis, the lack of effect for antioxidants in 
clinical trials might be due to the fact that the interventions were 
usually done when the clinical symptoms appear, probably at this 
time the pathologic changes

 
are severe enough to be reverted. 

5. CONCLUSIONS 

 It is now well established that the cognitive decline in early AD 
is correlated with synaptic dysfunction and loss, which is believed 
to be triggered by A  oligomers. This synaptic de-regulation pre-
cedes the appearance of features traditionally associated with AD 
such as the extracellular deposition of A , the formation of neurofi-
brillary tangles and neuronal loss in susceptible brain regions, such 
as hippocampus and cortex. This review mostly focused on glial 
modifications that are also present in AD, namely neuroinflamma-
tion-like features, which role is still poorly understood.  

 This neuroinflammation-like response present in AD involves 
alterations in the phenotype and/or function of microglia and astro-
cytes and is characterized by the appearance of a whole array of 
pro- and anti- inflammatory factors including proteins of comple-
ment system, cytokines, chemokines and inflammatory enzyme 
systems. Increasing evidence indicate a key role of glial cells in the 
control of neuronal function, supporting the importance of these 
glial cells in the control of neurodegeneration. The impact of a 
modified function of glial cell on neuronal function and viability is 
always two fold; in fact, glial cells not only contribute to mounting 
a neuroinflammatory response (which may become deleterious is 
extended over time) but they also participate in the clearance of A  
and glutamate (putative substances responsible for the initiation and 
amplification of damage in AD) as well as in the generation of 
neurotrophic factors (responsible for a trophic support of neuronal 
survival and potentiatially regenerative influence of damaged neu-
rons). Thus, the pharmacological targeting of glial cell function 
constitutes a novel therapeutical opportunity to interfere with AD, 
provided one develops strategies to control the modified glial pro-
file found in AD so as to limit the pro-inflammatory activity while 
bolstering their scavenging and reparative properties. A candidate 
pharmacological target could be the adenosine receptors, mainly the 

A2ARs, which are present in glial cells, are upregulated upon injury 
and control brain repair process (reviewed in [197]).  

 Also associated with glia cells, the control of the formation of 
free radical species (ROS and RNS) emerges as a potential area of 
interest. In fact, glial cells are simultaneously a source and a target 
of free radical species, since activated glial cells exacerbate oxida-
tive damage, which in turns exacerbate neuroinflammation and 
hampers neuronal viability. Thus, oxidative damage seems to be a 
key process in the amplification of neuroinflammation as well as on 
the impact of neuroinflammation on synaptic function and viability. 

 In spite of the promising potential of therapies targeting glial 
function, neuroinflammation and oxidative stress to manage AD, 
there is a current and clear need to prioritise fundamental research 
on the pathophysiology of glial cells. This is essential to provide a 
solid rationale for the future design of novel therapeutic strategies 
amenable to be tested in animal models of AD and in clinics. 
Clearly, the hasty translation to clinical trials of these emerging 
novel opportunities that are still poorly consolidated from the 
mechanistic point of view will likely results in inappropriately 
designed and/or controlled trials; this may only contribute to ‘kill 
the goose’, i.e. to cast premature doubts on otherwise promising 
novel avenues for the development of novel and potentially effec-
tive therapies for AD. 

ABBREVIATIONS 

AD = Alzheimer’s disease 

APP = Amyloid precursor protein 

ATP = Adenosine-5'-triphosphate 

A  = Amyloid-beta 

BACE1 = -secretase 

BBB = Blood-brain barrier 

BDNF = Brain-derived neurotrophic factor 

C = Complement component 

Ca
2+

 = Calcium 

CNS = Central Nervous System 

CoQ10 = Coenzyme Q10 

COX-2 = Cyclooxygenase-2 

DNA = Deoxyribonucleic acid 

GDNF = Glial-derived neurotrophic factor 

GFAP = Glial fibrillary acidic protein 

IFN = - Interferon-gamma 

IL = Interleukin 

iNOS = Inducible nitric oxide synthase 

LTP = Long-term potentiation 

MCI = Mild cognitive impairment 

MCP-1 = Monocyte chemoattractant protein-1 

MHC = Major histocompatibility complex 

MIP-1  = Macrophage inflammatory protein alpha 

NADPH = Nicotinamide adenine dinucleotide phosphate 

NMDA = N-methyl-D-aspartic acid 

NO = Nitric oxide 

NSAIDs = Nonsteroidal anti-inflammatory drugs 

O2
•

 = Superoxide anion 

PS1 = Presenilin 1 

RNS = Reactive nitrogen species 

ROS = Reactive oxygen species 

S100B = S100 calcium binding protein B 

TNF-  =  Tumour necrosis factor-alpha 
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